High strength cold-rolled bake hardenable steel sheets for automotive use have been developed. In the last decade, the major strengthening methods of extra low carbon (ELC) steel and interstitial free (IF) steel were the solid-solution strengthening with silicon, manganese and phosphorous and the precipitation strengthening with microalloying elements, such as niobium and titanium. When the steels are strengthened with the high amount of solid-solution elements such as silicon and manganese, it shows the low surface quality due to surface oxidation. In addition, phosphorous added ELC and IF steels become susceptible to the secondary work embrittlement because of the lack of grain boundary strength, which is the essential drawback of the steels.
Introduction
In the automotive industry, there has been increasing demand for higher-quality exterior panels, better functional properties and lower weight. The demand for weight reduction has led to thinner sheets, greater use of high-strength steels. From a functional property point of view, the stiffness and dent resistance of panels have become more focused. Bake hardening (BH) steel sheets are ideal steel sheets in the point of view of better functional properties and lower weight. Because they can provide high formability, high surface deflection resistance and high dent resistance. The features of BH steel sheet are that it is as highly formable in press forming as mild steel and is subsequently hardened by baking treatment. [1] [2] [3] The bake hardenability is based on locking the dislocations by interstitial atoms such as carbon (C) and nitrogen (N) in solution. The interstitial atoms must be partially stabilized by addition of proper contents of titanium (Ti) and niobium (Nb) in the conventional BH steels. However, it is very difficult to control the optimum contents for all of Ti, Nb, C, N and sulphur (S) in conventional steelmaking process so that the dissatisfied BH strength and aging defect have easily happened, probably lots of times.
To enhance the BH strength and formability of the extra low carbon (ELC) steel more, the previous works [1] [2] [3] [4] [5] have mainly focused on contents of Ti, Nb, C, N and S. However, in contrast to these operations, we reduced the number of variables. The basic idea is that the modern steelmaking technology can make "very extra low carbon steel" which described with lower levels of C and N. Thus, the addition of Ti and Nb is not more needed for partially stabilization of C and N. The ELC steel, which has the enough BH strength above 30 MPa and excellent formability can be produced by the optimum amount of C and N.
In the following, the problem which we have to consider next is the surface quality for the BH steels using higherquality exterior panels. It is well known that the surface quality and corrosion resistance of coated exposed steels depend on surface oxidation of alloying elements and nonmetallic inclusions. [6] [7] [8] With respect to these problems, we focused on the low amount of solid-solution elements such as silicon (Si), manganese (Mn) and phosphorous (P).
However, the BH steel having excellent formability and surface quality has a big problem that is the decrease of strength due to reduction of alloying elements of Mn, Si, P, Ti and Nb. To get around this problem, we introduce new extra low carbon steel with nano-sized copper (Cu) sulfides compensating the decreasing strength.
In the past studies, influence of copper on mechanical properties has been considered for low carbon steel, Ti added ELC steel and Ti free ELC steel. The studies explained that the addition of Cu in steel can result in solidsolution strengthening and precipitation hardening such as e-Cu precipitation and Cu-S precipitation. [9] [10] [11] [12] [13] [14] [15] The Cu precipitation (e-Cu) hardening is necessary to add above 0.2 % Cu and to treat temper annealing. [9] [10] [11] Thus, in case of small addition of Cu, it is difficult to form the Cu precipitate (eCu).
On the other hand, some researchers studied about the solid-solution strengthening and Cu-S precipitation in Ti added ELC steel. Yamada et al. reported that the addition of 0.22 % Cu increases tensile strength about 10 MPa in Tistabilized IF steel. 12) They described that the increment of tensile strength is mainly resulted from grain refinement and solid-solution strengthening. In addition, Kejian et al. and Ishiguro et al. suggested that a residual level of Cu can make large sulfides and inclusion in Ti added steels. 13, 14) However, they did not consider the possibility of precipitation hardening of Cu sulfides.
Guilet et al. reported that nano-sized Cu-S precipitates can be formed in batch annealing process for Ti free low carbon steels. 15) Recently, Liu et al. studied the crystallography and precipitation kinetics of copper sulfide for low carbon steel in strip casting process. 16, 17) In this work, we examine the evidence of Cu-S precipitation hardening due to fine Cu 2 S for extra low carbon steels in continuous annealing process. Also, the performance of the Cu added ELC steel is compared with conventional Nb-Ti BH steel.
Experiments

Material
The materials used in this study are extra low carbon steels with a bake hardenability are listed in Table 1 . In order to investigate the effect of Cu on the strengthening for the ELC steel, three ELC steels (0Cu ELC, 01Cu ELC and 02Cu ELC) that contain different content of Cu were selected. In addition, the mechanical properties of the 02Cu ELC steel are compared with conventional Nb-Ti added BH steel (Nb-Ti BH). The Nb-Ti added BH steel means that solute elements of C, N, and S are partially scavenged with Ti and Nb. 1, 2) The content of Mn was selected for obtaining same tensile strength level with 02Cu ELC steel. It should be noted that the 02Cu ELC steel and Nb-Ti BH steel used in this work have a high tensile strength of 340 MPa. These steels were prepared by a laboratory vacuum induction melting. The specimens for pilot hot rolling test were obtained in the form of square as-cast slab with 25 mm thickness, 150 mm width and 300 mm length. The slab was fed into the pilot rolling mill after being homogenized in a furnace at 1 200°C. Slab with 25 mm in thickness was hot-rolled through five passes to produce 3.2 mm-thick hot sheet. The finishing rolling temperature was about 900°C. The surface temperature of materials during rolling test was measured by pyrometer. After rolling, the hot bands were cooled to 650°C by water cooling system (at a cooling rate of 10°C/s) and then furnace-cooled to simulate coiling process of hot strip mill. The hot rolled sheets were cold rolled into sheet with 0.7 mm thickness. The coldrolled steel sheets were annealed at 800°C for 3 min in infrared furnace. For comparison of mechanical properties, the annealed samples were applied skin-pass rolling with a constant strain of 1.2 %.
Evaluation of Mechanical Properties
Mechanical properties were evaluated by tensile tests with JIS-5 specimen (gauge length: 50 mm, gauge width: 25 mm). 18) Yield strength was defined as a lower yield point or as the strength at 0.2 % offset strain in case of the absence of yield point. Bake hardenability was measured as the difference between the initial yield strength and the yield strength after heat treatment with 20 min at 170°C. The test procedure adopted in this study follows the recommendation made by the automotive manufacturers. Dent resistance is the ability to retain the shape against sunken deflection and local dent under the external force. Dent Resistance of automobile panels becomes an important issue and quality criterion. In this study, the external force to obtain fixed displacement of sunken deflection was evaluated by the hemispherical indenter. The diameter and hardness of indenter are 25.4 mm and Rc 55 (Rockwell Hardness), respectively. The displacement sunken deflection is 4 mm. The critical load resulting in the local trivial dent in the center of the shallow shell is regarded as the important evaluating index for the dent resistance of the automobile parts. 19) 
Characterization of Precipitates
For characterization of morphology, size distribution and chemistry of the nano-precipitates the transmission electron microscopy (TEM) instrument JEOL 2010EX coupled with a JEOL-2100F equipped for energy-dispersive X-ray spectroscopy (EDS) was used. Thin sliced specimens for TEM observation were cut from the bulk with a thickness of 0.2 mm and mechanically ground to 80 mm. Foil samples were finally prepared by electro-polishing under 50 V in an electrochemical solution containing 5 vol% perchloric acid and 95 vol% methanol. For characterization of precipitates, we firstly investigated Cu related sulfides from the thin foil specimens using EDS. From the obtained TEM micrographs of Cu related sulfides, the size distribution of precipitates is quantitatively determined by means of an image analysis system. In order to identify the structure of the precipitates, high resolution TEM images were obtained from the precipitates using a high voltage electron microscopy (JEOL-1250: JEM-ARM 1300S) at the Korea Basic Science Institute.
Results and Discussion
Mechanical Properties of Copper Added Extra
Low Carbon Steel Figure 1 shows measured yield strength and ultimate tensile strength of the ELC steels used in this study. The yield strength means 0.2 % off-set yield stress value. 20) According to the relation, the effect of solid-solution strengthening is 7.6 MPa for 0.2 wt% ELC steel. However, the fine Cu sulfides can be easily found. Actually, the measured density of Cu sulfides is so high. Thus we considered that the effect of Cu solid-solution strengthening on yield strength is negligible. In addition, optical microstructures of the 0Cu, 01Cu and 02Cu ELC steel are shown in Fig. 2 . The average grain size of the steels is 14.7 mm, 13.5 mm and 12.1 mm, respectively. When the effects of grain refinement of 0Cu and 02Cu ELC steel were calculated using Eq. (1), the strengthening effects are about 3. The result indicated that the precipitation hardening effect for the addition of 02wt%Cu is about 11 MPa. Because the difference in measured yield strength is about 19 MPa in Fig. 1 .
The total elongation of the 0Cu ELC, 01Cu ELC and 02Cu ELC is 42.3%, 42.1% and 42.7%, respectively. After skin-pass rolling, the elongation of the steels is 42.0 %, 41.3 % and 41.0 %, respectively. The result clearly shows that the ELC steels can be strengthened by the alloying element of Cu. In addition, the good ductility of Cu added ELC steel may be caused by grain refinement and texture evolution. However, we deal with precipitation hardening of Cu sulfides in this work. We will study the effects of grain refinement and texture on mechanical properties for the Cu added steels in future work. Table 2 represents the mechanical properties for 02Cu ELC steel and Nb-Ti BH steel. The bake hardenability and dent resistance of the Cu added ELC steel examined in the present work are similar to those of Nb-Ti added BH steel. The yield strength, tensile strength and total elongation of Dent resistance is often referred to as static dent resistance. The static dent resistance means a resistance to permanent deformation caused by static forces which can occur during driving. Thus, the static dent resistance is defined as the critical force required for a residual indentation of a certain depth. The measured maximum force for the constant displacement of 02Cu ELC steel is lower than that of the commercial Nb-Ti BH steel.
What is more, the dynamic dent resistance is associated with dynamic loads such as stones or hails. It is known that the dynamic dent resistance is affected by stiffness and strain rate sensitivity of the panel. 19) The measured stiffness of the steels is similar. From automaker's point of reference, these values for dent resistance are enough for the automotive exterior panel.
Precipitation of Cu Sulfide
As remarked above, the addition of small amount of Cu brings up to increase of strength. One reasonable guess might be that the strengthening results from Cu precipitate such as e-Cu and Cu sulfides. However, the e-Cu precipitate is generally followed by the supersaturated solution of Cu in a-Fe and aging heat treatment so that the formation of the precipitate is impossible for the ELC steels having low content of Cu and non-heat treatment. 21 ) Thus, we expanded this idea into the thermodynamic stability of Cu as Cu sulfides in the ELC steels in previous work. 22) The previous study provided more accurate thermodynamic stability of Cu 2 S in steels, based on the CAL-PHAD 23) thermodynamic analysis method. For this, a thermodynamic assessment was carried out for the Cu-S binary system and continued to the Fe-Cu-S ternary system. Then, the thermodynamic parameters were combined with the existing thermodynamic database of steels, TCFE2000 24) for an estimation of the thermodynamic stability of Cu 2 S in ELC steels.
Through thermodynamic calculations based on the CAL-PHAD thermodynamic assessment method, it was predicted that the thermodynamically stable phases in the 02Cu ELC steel and Nb-Ti BH steel as shown in Fig. 3 . According to the result, the Cu 2 S is an actually thermodynamically unstable phase. The phase can be precipitated when thermodynamic equilibrium state is not reached during steel making processes. The accumulation of Cu atoms on the Cu 2 S/matrix interfaces due to decreasing solubility of Cu in MnS with decreasing temperature, and the positive driving force of formation of Cu 2 S in a region where other sulfides are not formed due to kinetic reasons together with low nucleation energy barrier in bcc Fe due to good lattice match could be proposed as the probable reasons for the formation of this unstable phase.
22)
Figures 4(a) and 4(b) show bright-field TEM images of several precipitates for the 02Cu ELC steel. The average diameter and density of the precipitates are 13.5 nm and 3.80ϫ10 10 cm
Ϫ2
, respectively. The EDS elemental point analysis and selective area electron diffraction (SAED) study were carried out with TEM to characterize the precipitate. We found that the precipitates consisted of Cu, Mn, and S using the EDS analysis. The spherical precipitates is (Mn, Cu)S. Figure 5 shows a bright-field TEM image of large spherical precipitate of the 02Cu ELC steel. It can be well investigated that the large precipitate has a core-shell type. The EDS elemental mapping analysis for the core-shell precipitate revealed that Cu and S elements were distributed in the shell part and that Cu, Mn and S elements were distributed in the core part. In the following, we tried to analyze the nano-sized precipitates for the same specimen. In sum, the stable phase of manganese sulfide (MnS) was easily formed at high temperatures and then Cu and S were slowly diffused around the existing MnS during slow cooling process. After the cooling process, we could confirm the presence of (Mn, Cu)S precipitates of core-shell morphology in the matrix. On the other hand, the nano-sized Cu 2 S can be created at low temperatures. Because the Cu 2 S and a-Fe matrix have a good lattice match as mentioned before. Furthermore, we suggested that the driving force for the nucleation of Cu 2 S shows a positive value below about 740°C in a region in previous work. 22) From what has been discussed above, we can conclude that the nano-sized Cu 2 S in Cu added ELC steels have a good relationship with a-Fe matrix and then can perform the excellent precipitation hardening.
Concluding Remarks
We have investigated the mechanical properties of Copper (Cu) added extra low carbon (ELC) steel and studied the microstructural feature using transmission electron microscopy (TEM).
It is true that Nb-Ti added BH steel has excellent properties due to admirable bake hardenability, dent resistance and formability. However, the developed Cu added ELC steel has the excellent mechanical properties. It has been found that the Cu added ELC steel is consisted of nanosized Copper sulfides of (Mn, Cu)S and Cu 2 S. The Cu 2 S have a cube-cube relationship with the matrix and then perform the excellent precipitation hardening. In comparison with the ELC steel without Cu, the addition of 0.2 % Cu led to increment of yield strength by about 19 MPa. Allowing for the solid-solution strengthening, grain size and measured yield strength of 0Cu ELC steel and 02Cu ELC steel, it seems quiet probable that the effect of precipitation hardening due to Cu-S precipitates is about 11 MPa.
Considering that increasing the alloying elements such as Mn and Si components has a negative influence on the surface quality of the coated steels, 6) it might be beneficial for steelmakers to manufacture the Cu added steel with low contents of Mn and Si if the priority of the products is not strictly fixed on its mechanical properties.
